This study was aimed to determine kinetic and thermodynamic behaviors of selenium on modified bentonite and activated carbon. Thermodynamic parameters such as enthalpy ∆H, free energy change ∆G and entropy change ∆S of selenium adsorption suggested that the adsorption of Se(IV) on activated carbon and organicinorganic modified bentonite was exothermic and endothermic process, respectively. The experimental data fitted very well the pseudo-second-order kinetic model for both adsorbents.
Introduction
Selenium is an important element for humans, but it should be controlled with regard to both toxicity and deficiencies in livestock. Mining activities, fossil fuel processing, combustion, industrial, agricultural and metallurgical processes cause to increase selenium concentration in related aqueous environment. As known, activated carbon and modified bentonite can be used for safely purifying the environment. The relative importance of test parameters like solution pH, contact time, temperature and concentration of adsorbate on adsorption performance of modified bentonite and activated carbon for selenium(IV) ion were studied in our previous studies [1] [2] [3] . In this study, kinetics and thermodynamic behavior of Se were studied in aqueous media.
Materials and method
The original selenium dioxide compound was irradiated in central irradiation tube of TRIGA Mark II nuclear reactor at Istanbul Technical University at 250 kW in 1 h. The stock solution of selenium(IV) (1780 mg/L) was prepared by dissolving appropriate amounts of irradiated selenium dioxide compound (SeO 2 , Fluka, 99% purity) and used as radiotracer.
Activated carbon from lignite by physical activation and organic-inorganic modified bentonite (OIMBent) samples were prepared as given in our previous studies [1] [2] [3] .
Batch experiments were carried out by using radioactive selenium solution satisfying 0.05 L/g liquid/solid ratio at different temperature and contact time. Data for kinetic and thermodynamic studies were obtained by determination of 75 Se radioactivity at high resolution gamma spectrometry system. In the adsorption process, the variation in thermodynamic parameters (∆H, ∆S and ∆G) are very important to determine the spontaneity of adsorption process. ∆H, ∆S and ∆G parameters * corresponding author; e-mail: gedikso@itu.edu.tr were obtained from adsorption experiment data in the temperature range of 293-323 K as follows:
where K d is equilibrium constant, C e is the equilibrium concentration of the solute, C i is the concentration of the solute in solution at any time, V is volume of the solution, m is mass of the adsorbent, T is temperature in K and R is the gas constant. The values of ∆H and ∆S were obtained from the slope and intercept of the Van't Hoff plot of ln(
In order to explain the mechanism of the adsorption processes, first and pseudo-second-order rate expressions were used to investigate the behavior of adsorption process of Se(IV) onto activated carbon and OIMBent. The Lagergren first-order rate expression based on solid capacity is generally expressed as follows:
where q t and q e (mg g −1 ) are the amounts of the metal ions adsorbed at equilibrium (mg g −1 ) and t (min), respectively, and k 1 is the rate constant of the equation (min −1 ). The adsorption rate constants (k 1 ) can be determined experimentally by plotting of ln(q e − q t ) versus t.
The pseudo-second kinetic model has been applied to heterogeneous systems, where the sorption mechanism is attributed to chemical sorption and the sorption capacity is proportional to the number of active sites on the sorbent. The model can be represented by the following equation:
where k 2 (g mol −1 min −1 ) is the second-order rate constant, q t , q e and q max (mg g −1 ) are the amounts of the metal ions adsorbed at equilibrium (mg g −1 ) and t (min) and maximum, respectively. The linear plot of t/q t as a function of t provided not only the rate constant k 2 , but also an independent evaluation of q e .
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Results and discussion
To investigate the effect of temperature, the sorption of Se(IV) ions onto activated carbon and OIMBent was studied in the temperature range of 293-323 K. Figure 1 illustrates the effect of temperature for adsorption of Se(IV) ions on the adsorbents. The adsorption of Se(IV) on activated carbon decreased as the solution temperature increased. This downtrend can be explained by the exothermic spontaneity of the Se(IV) adsorption and by the weakening of bonds between Se(IV). The adsorption of Se(IV) on OIMBent increased with temperature. This uptrend indicates that the Se(IV) adsorption process was endothermic. Table I shows the calculated values of the thermodynamic parameters for the activated carbon and OIMBent. The changes in standard Gibbs free energy (∆G) at four different temperatures were all negative for two adsorbents. The negative values in ∆G indicate that selenium adsorption on the adsorbents was spontaneous nature of the adsorption process. The decrease in ∆G values with increase of the temperature indicated that high temperature accelerated the adsorption process. The positive value in ∆H (5.01 kJ/mol) for OIMBent implied that the adsorption was endothermic. Conversely, the negative value in ∆H (−18.40 kJ/mol) for activated carbon indicates that the adsorption process was exothermic. The adsorption is chemisorption if the value in ∆H is between 40 and 120 kJ/mol, otherwise the adsorption is physicosorption. According to this concept, those adsorption processes seem to be physicosorption. The positive value in ∆S for both the adsorbents was reflected that the selenium dispersion on surface of the adsorbents was more chaotic than that in the aqueous solution and there is an increase in the randomness in the system solid/solution interface during the adsorption process.
The kinetic experimental results were fitted to the pseudo-second kinetic model. The correlation coefficients for the pseudo-second-order kinetic model at different time were found above 0.99 (Table II) . These data give perfect fit for this model for both adsorbents. Therefore, the rate-limiting step may be chemical sorption or chemisorption through sharing or exchange of electrons between sorbent and adsorbate.
4. Conclusion Comparative advantages for the thermodynamic and kinetic behaviors of activated carbon and OIMBent for Se(IV) ions remediation from aqueous media were investigated. Thermodynamic parameters ∆H, ∆S and ∆G were calculated from the adsorption data of Se(IV) ions. These parameters indicate that adsorption is endothermic and spontaneous for OIMBent and is exothermic for activated carbon. The kinetic data for both adsorbents conformed better to the pseudo-second kinetic equation which suggests that the rate-limiting step is a chemical adsorption involving valence forces through sharing or exchange of electrons between selenium ions and surface functional groups of the both adsorbents.
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